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I.   Introduction. 

1.  Preliminary. — It  is  thought  that  the  tests  here  described 
will  be  of  interest  because  the  reinforced  concrete  beams  were 
chosen  almost  at  random  from  a  large  number  of  beams  made  up 
for  use  in  a  railroad  structure  and  thus  may  be  considered  to  be 
representative  of  actual  conditions  of  construction,  and  because 
the  tests  give  a  comparison  of  the  efficiency  of  two  methods  of 
placing  the  reinforcement  to  resist  diagonal  tension  or  so-called 
shear  failure.  In  the  minds  of  some  engineers  test  beams  made 
up  in  laboratories  differ  so  much  in  make-up  and  properties  from 
the  work  found  in  practical  reinforced  concrete  construction 
that  the  results  and  the  conclusions  drawn  therefrom  are  not  appli- 
cable to  actual  construction.  Conservative  engineers  may  have 
felt  that  there  is  some  basis  for  doubt  in  massive  construction, 
since  the  difference  in  size  is  considerable  and  since  the  methods 
of  mixing  and  fabrication  are  quite  unlike  those  used  in  laboratory 
work.  The  construction  of  large  reinforced  concrete  floor 
slabs  for  use  in  the  Grand  Crossing  track  elevation  construction  of 
the  Illinois  Central  Railroad,  perhaps  one  of  the  most  important 
pieces  of  reinforced  concrete  construction  of  the  kind  yet  under- 
taken, gave  an  opportunity  to  get  results  of  value;  and  the 
tests  were  undertaken  through  the  co-operation  of  the  Engi- 
neering Experiment  Station  of  the  University  of  Illinois  and 
the  Department  of  Bridges  and  Buildings  of  the  Illinois  Central 
Railroad  with  a  view  of  determining  the  properties  of  large  beams 
made  under  practical  conditions  of  construction.  The  beams 
were  perhaps  the  largest  reinforced  concrete  beams  yet  tested, 
and  the  testing  apparatus  used  and  the  method  of  making  the  test 
involved  some  novel  features. 

The  beams  were  in  the  form  of  slabs,  25  ft.  long,  6  ft.  3  in. 
wide,  and  34  in.  deep  at  the  middle,  and  weighed  about  33  tons 
each.  They  were  built  for  use  in  the  bridge  floor  over  subways. 
The  slabs  span  the  distance  from  the  curb  to  the  center  of  the 
street  pavement  (shorter  and  smaller  slabs  spanning  the  sidewalk 
space)  making  a  floor  over  the  street  upon  which  the  ballast  is 
spread  and  the  track  laid  for  the  eight  track  railroad.  The  slabs 
were  built  in  the  yards  of  the  Illinois  Central  Railroad  near  Twenty - 
seventh  St.,  Chicago,  and  were  to  be  left  where  made  until  ready 
for  transportation  to  their  destination,  some  seven  miles  away. 
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119  of  these  slabs  were  made  and  also  109  smaller  ones.     The  test 
was  made   close  to   the   spot  where  the  slabs  were  built. 

2.  Loading. — In  the  design  of  the  slabs  the  Illinois  Central 
Railroad  used  their  standard  typical  loading  of  two  188. 75- ton 
engines  followed  by  a  uniform  load  of  6000  lb.  per  lin.  ft.  of  track, 
with  tracks  12  ft.  6  in.  center  to  center.  The  design  also  contem- 
plates the  placing  of  tracks  in  any  position  on  the  slabs  laterally. 
The  tracks  cross  the  slabs  on  a  skew,  the  angle  with  the  axis  of 
the  slab  being  10°  26' .  The  distance  from  top  of  the  slabs  to  base 
of  rail  was  first  planned  to  be  12  inches  over  the  thicker  portion 
of  the  slab,  but  later  this  was  increased  somewhat.     The  bearing 
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Loads  are  given  in  1000-lb.  units  for  one  rail. 
Fig.  1.    Typical  Engine  Loading. 


of  the  slab  on  the  supporting  cross  beams  at  either  end  is  1  ft.  6 
in. ,  so  that  the  distance  from  center  to  center  of  supports  is  23  ft. 
6  in.  The  maximum  bending  moment  and  the  maximum  shear 
will  be  developed  by  the  driver  wheel  loads.  Fig.  1  gives  the 
loads  and  spacing  of  the  typical  engine.  Although  no  exact  com- 
parison may  be  made,  computation  will  show  that  a  test  load 
placed  at  the  one-third  points  of  the  span  length  will  develop  a 
bending  moment  somewhat  greater  than  the  same  load  placed  at 
the  driver  spacing,  and  that,  although  the  shear  developed  as  one 
driver  approaches  the  support  may  be  somewhat  greater  than 
that  found  in  the  method  of  the  test,  the  greater  diagonal  tension 
resistance  in  a  reinforced  concrete  beam  close  to  the  supports  as 
known  from  other  tests,  indicates  that  the  one-third  point  load- 
ing is  as  severe  or  more  severe  a  test  for  diagonal  tension  resist- 
ance than  will  be  found  with  the  engine  spacing  of  the  load.  It 
was  therefore  concluded  that  the  usual  test  method  of  placing  the 
load  equally  at  the  one-third  points  of  the  span  length  would  give 
results  comparable  with  the  distribution  of  the  load  which  the  slab 
is  designed  to  receive. 

3.     Acknowledgment. — Mr.  A.  S.   Baldwin  is  Chief  Engineer 
of  the  Illinois  Central  Railroad.     Mr.  R.  E.  Gaut  is  Engineer  of 
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Bridges  and  Buildings,  and  Mr.  F.  L.  Thompson  is  Assistant 
Engineer  of  Bridges  and  is  in  charge  of  the  Grand  Crossing  track 
elevation  work.  To  them,  and  to  Mr.  C.  Chandler,  Chief  Drafts- 
man in  the  Department  of  Bridges  and  Buildings,  acknowledg- 
ment is  due  for  facilities  afforded  and  assistance  and  suggestions 
given  in  carrying  out  the  tests.  Credit  is  also  due  Messrs.  D.  A. 
Abrams  and  W.  R.  Robinson  of  the  University  of  Illinois 
Engineering  Experiment  Station  for  efficient  aid  in  the  work. 

II.     Slabs  and  Methods  of  Testing. 

4.  Materials. — The  information  and  data  on  the  materials 
used  and  the  methods  of  fabrication  were  furnished  by  Mr.  Gaut 
of  the  Illinois  Central  Railroad,  and  as  there  was  no  thought  of 
needing  results  for  test  discussion,  no  special  measurements  or 
anatyses  were  made, only  the  attention  usual  in  well-made  construc- 
tion work  being  given.  The  sand  was  torpedo  sand  of  good  quality 
from  Merom,  Indiana.  The  stone  was  unscreened  crushed  lime- 
stone from  Chicago,  the  largest  size  being  two  inches.  The 
cement  was  Owl  portland  cement  manufactured  by  the  German- 
American  Portland  Cement  Co.  Tests  of  the  cement  gave  a  ten- 
sile strength  of  822  lb.  per  sq.  in.  for  the  7-day  neat  test;  95.2 
per  cent  passed  the  No.  100  sieve. 

The  main  longitudinal  reinforcing  bars  were  1-in.  square 
corrugated  bars,  new  style.  Tests  made  by  Robert  W.  Hunt  &  Co. 
of  the  bars  used  in  this  work  show  an  elastic  limit  varying 
between  51  260  and  52  770  lb.  per  sq.  in.  The  i-in.  bars  used  in  the 
top  longitudinal  reinforcement  were  cup  bars.  Tests  showed 
these  to  have  an  elastic  limit  ranging  from  45  800  to  51  1001b.  per 
sq.  in.     The  stirrups  were  i-in.  cup  bars. 

5.  The  Slab  and  its  Reinforcement. — The  general  size  of  the 
slab  was  6  ft.  3  in.  breadth  by  25  ft.  length.  One-half  of  the 
length  had  a  general  thickness  of  34  in.,  and  the  other  one-half 
sloped  from  the  middle  to  a  thickness  of  31  in.  at  the  end.  This 
difference  in  thickness  was  for  the  purpose  of  facilitating  drain- 
age. In  addition  to  the  thickness  just  mentioned  there  was  an 
additional  inch  at  the  bottom  at  either  end  for  a  distance  of  18  in. , 
the  width  of  the  bearing  area.  This  arrangement  permits  a  bet- 
ter appearing  joint  at  the  supports.  Fig.  2  gives  the  dimensions 
of  the  slabs.  The  estimated  weight  of  one  of  the  slabs  is  33 
tons. 
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The  longitudinal  reinforcement  was  placed  with  the  lower 
face  of  the  bar  3  in.  from  the  bottom  surface  of  the  slab.  This 
makes  the  distance  from  the  center  of  the  reinforcing  bars  to  the 
top  of  the  slab  at  the  middle  30i  in.  Although  the  depth  to  steel  is  less 
than  this  for  one-half  of  the  beam,  the  maximum  bending  moment 
is  at  the  middle,  and  30i  in.  will  be  used  in  the  calculations,  both 
in  calculating  the  resisting  moment  and  in  calculating  the  shear- 
ing stresses.  This  is  admissible  in  the  latter  case  because  of  the 
slope  of  the  upper  surface.  Twenty-nine  1-in.  bars  were  used  in 
each  slab,  the  spacing  being  2j-in.  centers  and  2i  in.  from  the  lat- 
eral faces.  Counting  the  depth  to  the  center  of  the  steel  as  30£ 
in.,  the  reinforcement  amounts  to  1.27%. 

Two  methods  of  placing  the  reinforcement  and  providing 
against  diagonal  tension  were  used.  In  No.  70  no  stirrups  were 
used  and  the  bars  were  bent  up  at  an  angle  of  about  45°  rather 
close  to  the  end,  as  shown  in  Fig.  2.  The  bend  for  one-fourth  of 
them  started  at  about  2  ft.  from  the  end,  for  another  one-fourth 
at  3  ft.,  for  another  one-fourth  at  4  ft.,  while  the  remaining  bars 
were  straight  throughout  the  length  of  the  slab.  No.  70  was  the 
last  slab  made  in  this  way.  In  the  slabs  made  after  No.  70  (in- 
cluding No.  71  and  No.  72)  stirrups  were  used  and  the  bars  were 
bent  up  farther  back  from  the  end  and  less  abruptly,  giving  a 
better  distribution  of  the  reinforcement  (see  Fig.  2).  In  one- 
fourth  of  the  bars  the  inclination  started  at  a  point  6  ft.  from  the 
end,  in  one-fourth  at  4  ft.  from  the  end,  and  in  one-fourth  at  2  ft. 
from  the  end,  while  as  before  the  remainder  of  the  bars  were  hori- 
zontal. In  these  slabs  U-shaped  stirrups,  made  of  i-in.  cup  bars, 
were  placed  vertically  at  distances  of  2i  ft. ,  4  ft. ,  5i  ft.  and  7  ft. 
from  the  ends  of  the  slabs.  Each  stirrup  passed  under  and  included 
5  reinforcing  bars  and  reached  nearly  to  the  top  of  the  slab.  In 
addition  to  the  main  reinforcing  bars,  4  i-in.  cup  bars  were  placed 
longitudinally  3  in.  from  the  top  of  the  slab,  and  transversely 
across  the  slab  just  above  these  were  12  i-in.  and  6  1-in.  bars, 
while  transversely  across  the  bottom  face  just  above  the  longi- 
tudinal reinforcement  were  21  i-in.  bars.  As  the  top  reinforce- 
ment is  only  one  twenty -fifth  of  one  per  cent  it  is  not  considered 
in  the  calculations  of  neutral  axis  position  or  of  compressive 
stress  in  the  concrete. 

At  the  middle  of  the  width  of  the  slab  and  2  ft.  6  in.  from  either 
end,  heavy  steel  stirrups  were  anchored  in  the  concrete.     These 
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were  designed  to  receive  the  device  by  which  the  slabs  were  lifted 
and  placed. 

6.  Composition  and  Fabrication. — The  proportions  of  the  con- 
crete were  1  cement,  2  sand,  and  5  broken  stone.  The  concrete 
was  mixed  in  a  No.  2  Smith  machine  mixer.  There  was  no  meas- 
urement of  the  amount  of  water  used,  but  the  concrete  was  mixed 
so  wet  that  little  or  no  tamping  was  required,  or  even  feasible. 
The  forms  were  strong  and  substantial  and  were  well  braced .  The 
main  longitudinal  reinforcement  was  carefully  placed  and  held 
by  wires  and  blocks  until  the  concrete  was  in  place.  The  stirrups 
were  held  likewise.  It  is  probable  that  more  mortar  was  used  in 
space  below  the  bars  on  account  of  the  difficulty  in  working  around 
the  bars,  but  there  was  no  attempt  made  to  vary  the  mixture  in 
the  slabs.  The  concrete  was  well  spaded  and  stirred,  especially 
around  the  reinforcing  bars. 

7.  Storage  and  Age. — The  slabs  were  left  where  made,  exposed 
to  the  weather,  from  the  time  of  fabrication  until  tested.  The 
sides  of  the  forms  were  removed  after  48  hours.  No.  70  was  made 
Oct.  7  and  No.  71  and  No.  72  Oct.  8,  1907.  The  test  of  No.  70  was 
made  April  15,  and  of  No.  72  April  28, 1908.  No.  71  was  used  in 
both  tests.  The  slabs  were  therefore  more  than  six  months  old. 
On  account  of  the  temperatures  prevailing  during  the  winter,  the 
setting  of  the  concrete  during  much  of  the  time  must  have  been 
slow,  and  the  conditions  were  probably  less  favorable  for  harden- 
ing than  is  the  case  in  ordinary  90- day  laboratory  tests. 

8.  Testing  Apparatus. — Two  slabs  were  tested  against  each 
other,  the  load  being  applied  by  hydraulic  jacks.  Fig.  3  shows 
the  arrangement  for  testing.  The  lower  of  the  two  slabs  was 
turned  upside  down  and  the  second  slab  was  placed  above  it,  with 
bearing  timbers  between  them  at  the  ends.  Two  yokes  were 
placed  at  the  one- third  points  of  the  span  length  and  four  hydrau- 
lic jacks  acting  on  the  yokes  supplied  the  load  which  forced  the 
slabs  together.  The  diagram  (Fig.  3)  and  the  photographs  (Fig. 
4  and  5)  will  assist  in  understanding  the  method  of  making  the 
test.  On  account  of  the  weight  and  size  of  the  slabs  and  the  great 
pressures  developed,  the  usual  devices  and  appliances  of  the  test- 
ing laboratory  could  not  be  used.  To  overcome  the  natural 
unevenness  of  the  slab,  timber  bearing  plates — selected  with  a  view 
to  uniform  quality — were  used,  and  the  considerable  compression 
developed  in  these  timbers  permitted  a  good  adjustment  of  the 
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load  and  pressures  across  the  width  of  the  slabs.  The  lower  slab 
was  supported  on  12xl2-in.  timbers  placed  tranversely  across  the 
slab  at  about  4  ft.  from  the  ends.  At  either  end  a  12xl2-in.  oak 
timber  was  placed  across  the  slab,  the  distance  from  center  to 
center,   23  ft.  6  in. ,  being  considered  the  span  length  in  the  test. 


Z3'-6 
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Fig.  3.    Arrangement  of  Test  Apparatus. 

The  other  slab  was  then  placed  right  side  up  on  top  of  these  bear- 
ing timbers.  The  timbers  were  bedded  in  plaster  of  paris  above 
and  below  in  order  to  overcome  small  irregularities  in  the  surface 
of  the  slabs.  At  the  one-third  points  of  the  span  length  7xl6-in. 
yellow  pine  timbers  were  placed  on  top  of  the  upper  slab  and  also 
on  the  under  side  of  the  lower  slab,  and  bedded  in  the  same  man- 
ner. Two  24-in.  steel  girders  were  placed  at  each  one-third  point 
on  top  of  the  timbers  of  the  upper  slab,  and  similar  steel  girders 
at  the  corresponding  points  below.  These  girders  were  discarded 
bridge  beams  made  up  of  plates  and  angles  and  were  stiff  enough 
to  give  but  slight  deflection  under  the  maximum  load  used.  Six- 
teen wrought-iron  rods  (four  rods  at  each  of  the  four  points)  and 
thick  cast-iron  blocks  were  used  to  complete  the  connection.  The 
hydraulic  jacks  were  placed  between  the  upper  girders  and  the 
upper  cast-iron  blocks.  The  jacks  used  were  of  a  nominal  capa- 
city  of   100   tons   each.     The   jacks  had  individual  pumps  and 
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Fig.  4.     View  Showing  Slabs  and  Testing  Apparatus  in  Place. 


Fig.  5.    General  View  before  Test. 
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gauges.  The  jacks  and  gauges  had  previously  been  calibrated 
and  the  loads  given  in  the  tables  include  the  necessary  correc- 
tions. The  load  was  applied  in  varying  increments,  but  the 
amount  was  kept  equally  divided  among  the  four  jacks.  The 
timber  bearing  plates  gave  a  good  distribution  of  the  load  over 
the  full  width  of  the  slab  and  it  seems  sufficiently  accurate  to  con- 
sider the  distance  from  center  to  center  of  the  supports  as  the 
span  length  of  the  beam. 

It  will  be  recognized  that  their  great  weight  made  the  placing 
of  the  slabs  a  considerable  undertaking.  They  were  handled  by 
means  of  a  derrick  car  of  100  tons  capacity  and  although  this  was 
the  first  experience  of  the  men  in  handling  the  slabs,  they  did  the 
work  easily  and  satisfactorily.  In  lifting  slab  No.  71,  however, 
the  great  weight  on  one  rail  caused  one  side  of  the  temporary 
track  to  settle  considerably,  and,  to  prevent  possible  overturning 
of  the  car,  the  hoisting  cable  was  slackened  suddenly  and  the 
slab  was  dropped,  falling  four  feet  and  striking  on  a  pile  of  stone 
and  against  a  rail.  One  corner  of  the  slab  was  cracked,  but  so 
far  as  the  tests  show  no  other  injury  was  done. 

In  the  first  test  calipers  were  the  only  auxiliary  measuring 
appliances  used.  In  the  second  test  the  deflections  of  the 
beams  were  measured  at  mid-depth  on  either  side  by  the  usual 
thread- scale-mirror  apparatus,  giving  readings  accurate  to  within 
0.01  in.  An  extensometer  device  for  measuring  longitudinal 
deformations  similar  to  that  used  on  test  beams  in  the  laboratory 
(see  Bulletin  No.  4  for  description)  was  used  in  the  test  of  No.  72. 
The  gauged  length  was  50  in.  The  lower  contact  point  was  placed 
2  in.  above  the  bottom  of  the  slab,  the,  second  contact  point  28  in. 
above  this,  the  upper  extensometer  40  in.  above,  and  the  lower 
extensometer  10  in.  below  this  lower  contact  point.  This  meas- 
uring apparatus  was  generally  satisfactory,  but  for  some  reason 
there  seems  to  have  been  a  slip  of  the  instruments  during  the 
test,  as  is  discussed  in  a  later  article.  A  set  of  extensometers 
made  up  of  Ames  dials  was  placed  on  the  lower  slab,  but  these 
instruments  are  not  suited  to  the  purpose  and  did  not  prove  satis- 
factory. A  novel  feature  of  the  test  was  the  use  of  extensom- 
eters to  measure  the  deformations  developed  in  a  vertical  direc- 
tion. The  position  of  these  instruments  is  shown  in  the  view 
given  in  Fig.  5,  p.  10.  The  readings  are  useful  in  determining 
the  load  at  which  the  vertical  stirrups  are  brought  into  action. 
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9.  Method  of  Testing. — The  test  required  the  services  of  a 
number  of  men.  The  four  jacks  were  operated  by  eight  men  with 
three  more  to  direct  their  work  and  record  the  loads.     In  the  test 

TABLE  1. 

Test  Data  of  No.  70  and  No.  71. 

Tested  April  15,  1908. 

The  applied  load  includes  the  weight  of  the  testing"  appliances  but  not 
the  weight  of  the  slab  itself.      The  notes  regarding 
cracks  refer  to  No.  70. 


Ref. 
No. 

Applied 

Load 

pounds 

Sum  of  Center 

Deflections 
of  No.  70  and  71 
inches 

Eemarks. 

E.  Side 

W.  Side 

0 

1 
2 

3 
4 
5 
6 

7 

8 

9 

10 

11 
12 

13 
14 
15 
16 
17 

18 
19 
20 

21 
22 
23 

25  000 

79  000 
113  000 
140  000 
174  000 
202  000 
230  000 
261  000 
299  000 
333  000 
364  000 
396  000 
432  000 

468  000 
496  000 
532  000 
561  000 
593  000 

626  000 
661  000 
693  000 

734  000 

768  000 
801  000 

0.00 

0.01 
0.05 
0.07 
0.12 
0.17 
0.19 
0.19 
0.24 
0.36 
0.37 
0.44 
0.47 

0.57 
0.63 
0.65 

0.78 
0.85 

0.98 
1.06 
1.11 

1.24 
1.34 
1.60 

0.00 

0.01 
0.03 
0.03 
0.08 
0.14 
0.16 
0.21 
0.28 
0.33 
0.40 
0.46 
0.53 

0.60 
0.69 
0.77 
0.83 
0.90 

1.04 
1.08 
1.21 

1.30 
1.45 
1.72 

This  load  is  used  as  the  weight  of  test- 
ing apparatus  and  men  plus  the  ini- 
tial tension  in  the  wrought-iron  rods. 

First  tension  crack  noted  in  No.  70. 
Small  tension  crack  at  north  load  point. 

Second  tension  crack  near  center  of  top 

slab. 
First  diagonal  crack  outside  north  load. 
Numerous  small  tension  cracks. 

First  diagonal  crack  lengthening  rap- 
idly and  becoming  more  marked. 
Cracking  along  the  steel  at  south  end. 

In  the  interval  after  488  000  lb.  other 
diagonal  cracks  appeared  near  the 
first  one. 

First  diagonal  crack  opening  wide. 

Failed   suddenly   along   first  diagonal 
crack,  which  reached  top  just  inside 
the  load  point. 

of  No.  72  three  observers  and  one  recorder  were  stationed  on 
either  side  of  the  beam  and  there  were  two  men  to  examine  it  for 
cracks  and  to  trace  and  mark  their  progress.     The  loads  were 
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applied  in  varying  increments,  but  the  amount  was  kept  nearly 
equally  divided  among  the  four  jacks.  The  test  was  carried  on 
without  releasing  the  load.  There  was  no  difficulty  in  holding 
the  load  so  as  to  maintain  a  constant  reading  on  the  gauges  while 
measurements  were  being  taken.  In  general,  it  may  be  said  that 
the  action  of  the  jacks,  the  uniformity  of  the  results,  and  other 
circumstances  connected  with  the  test  indicate  that  the  testing 
apparatus  was  trustworthy  within  the  limits  which  may  be  con- 
sidered necessary  for  the  purpose  of  the  test. 


III.   Experimental  Data  and  Discussion. 

10.  Tables  and  Diagrams. — Table  1  and  Fig.  6  give  the  com- 
bined deflections  of  No.  70  and  No.  71.  The  high  wind  prevail- 
ing at  the  time  of  the  test  made  it  impracticable  to  use  the 
apparatus  provided  and  the  deflections  measured  were  the  sum  of 
the  center  deflections  of  the  upper  and  lower  beams.  It  seems 
probable  that  the  individual  deflections  of  the  slabs  were  nearly 
the  same  except  near  the  end  of  the  test.  Table  2  gives  data  of 
No.  72  and  Table  3  gives  values  calculated  from  these  data.  The 
column  headed  "Stress  in  Steel  from  Deformation"  is  obtained  by 
multiplying  the  deformation  of  the  steel  determined  from  the 
extensometer  reading  by  30  000  000.  The  discussion  of  the  trust- 
worthiness of  these  readings  given  in  a  later  paragraph  indicates 
that  these  values  are  somewhat  higher  than  they  should  be.  The 
column  headed  "From  Bending  Moment"  is  calculated  by  equat- 
ing the  bending  moment  due  to  the  applied  load  and  the  approx- 
imate value  for  the  resisting  moment,  0.87  Afd,  where  A  is  the 
area  of  the  reinforcing  bars  in  square  inches,  d  is  the  distance 
from  the  top  of  the  slab  to  the  center  of  the  steel,  here  called  30k 
in.,  and  /  is  the  stress  in  the  steel  in  pounds  per  square  inch. 
This  calculation  does  not  include  the  weight  of  the  beam.  In 
comparing  the  values  in  the  last  two  columns  it  should  be  remem- 
bered that  the  extensometer  readings  really  started  from  a  load  of 
25  000  lb. ,  since  a  load  equal  to  this  was  upon  the  slabs  at  the 
initial  reading  of  the  instruments.  The  reference  numbers  in 
Tables  2  and  3  refer  to  those  marked  on  the  beams  during  the 
progress  of  the  test.     These  numbers  are  shown  on  some  of  the 
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photographs.  In  Fig.  7  the  deformations  and  deflections  of  No. 
72  are  plotted.  Fig.  10  gives  the  vertical  deformations  for  No. 
72  and  Fig.  11  for  No.  71.  Table  5  gives  miscellaneous  calculated 
values. 

11.     Phenomena  of  the  Tests. — As  is  usual  in  such  tests,  min- 
ute vertical  cracks  became  visible  in  the  concrete  on  the  tension 
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Fig.  6.  Sum  of  Center  Deflections  of  No.  70  and  No.  71 
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TABLE  2. 

Test  Data  of  No.  72. 

Tested  April  28,  1908. 

The   applied   load  includes  the  weight  of  the   testing  appliances  but 
not  the  weight  of  the  slab  itself. 


Aver- 

Average 

Vertical 

Ref. 

"KT  ^ 

Applied 

age 

Extensometer 

Extensometer 

Load 

Deflec- 

Readings 

Readings 

Remarks 

No. 

pounds 

tion 
inches 

inches 

inches 

Top 

Bottom 

South 

North 

0 

25  000* 

0.00 

.000 

.000 

.0000 

.0000 

The  "Average  Ex- 
tensometer Read- 
ings"are  for  a  gauge 
distance  of  50  in. 

1 

45  000 

0.00 

.000 

.000 

.0000 

.0000 

2 

67  000 

0.01 

.001 

.001 

^-.0001 

.0000 

3 

103  000 

0.02 

.004 

.004 

—  .0001 

—  .0003 

4 

131  000 

0.03 

.006 

.006 

—  .0001 

—  .0002 

5 

159  000 

0.05 

.008 

.010 

—  .0002 

—  .0003 

Short  tension  crack 
just  inside  south 
load  point. 

6 

189  000 

0.10 

.011 

.016 

—  .0002 

—  .0002 

Numerous  tension 
cracks. 

7 

220  000 

0.11 

.015 

.023 

—  .0002 

—  .0002 

Vertical  cracks  just 
outside  each  load 
point. 

8 

253  000 

0.13 

.017 

.030 

—  .0002 

+  .0002 

9 

285  000 

0.17 

.019 

.037 

—  .0003 

+  .0004 

10 

317  000 

0.18 

.021 

.044 

—  .0004 

+  .0003 

More  cracks  outside 
of  load  points. 

11 

350  000 

0.24 

.024 

.050 

—  .0005 

+  .0002 

12 

382  000 

0.28 

.028 

.057 

—  .0006 

.0000 

13 

414  000 

0.31 

.032 

.064 

—  .0004 

+  .0003 

14 

447  000 

0.36 

.037 

.070 

—  .0001 

+  .0011 

Marked  diagonal 
cracks. 

15 

500  000 

0.40 

.043 

.075 

.0000 

+  .0014 

16 

514  000 

0.43 

.046 

.081 

+  •0007 

+  .0021 

17 

578  000 

0.52 

.053 

.094 

+  .0023 

+  .0045 

18 

643  000 

0.61 

.062 

.107 

+  .0047 

+  .0079 

19 

704  000 

0.70 

.071 

.122 

+  .0083 

+  .0119 

20 

780  000 

0.88 

.084 

.156 

+  .0138 

+  .0152 

21 

811  000 

1.32 

.132 

.270 

+  .0170 

+  .0181 

Tension  cracks  open- 
ing wide. 

22 

840  000 

1.60 

Maximum  load.   Ten- 

sion failure. 

*This  load  of  25  000  lb.  is  assumed  as  the  weight  of  testing  apparatus  and  men  and  the  ini- 
tial tension  of  rods.  After  jacks  were  in  operation  all  but  9000  lb.  was  indicated  by  readings  of 
the  gauges. 
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side  of  the  beam  between  the  load  points  as  the  load  was  applied 
and  on  the  outside  of  the  load  points  at  higher  loads.  These 
cracks  grew  in  length  and  became  more  marked  as  the  load  was 
increased.  In  the  first  test  (No.  70  and  71  together),  in  which  the 
beams  did  not  fail  by  the  reinforcing  steel  stretching  up  to  the 
yield  point,  these  cracks  closed  upon  the  release  of  the  load  to 
such  an  extent  as  to  be  scarcely  detectable.  In  No.  70  (not  white- 
washed) the  first  tension  crack  was  noted  at  an  applied  load  of 
333  000  lb.  and  numerous  tension  cracks  at  496  000  lb.  In  No.  72 
(whitewashed  surfaces)  the  first  tension  crack  was  noted  at  159  000 
lb.  and  numerous  tension  cracks  at  189  000  lb.      It  will  be  seen 

TABLE  3. 

Results  of  Tests  of  No.  72. 

The  applied  load  includes  the   weight  of  the  testing  appliances  but  not 

the  weight  of  the  slab  itself. 


Ref. 

Applied 

Load 

pounds 

Average 
Deflec- 
tion 
inches 

k  of 

Neutral 
Axis 

Unit  Deformation 

Stress  in  Steel* 
lb.  per  sq.  in. 

No. 

At  Steel 

At  Top 
Fiber 

From 
Deforma- 

From 
Bending 

tion 

Moment 

0 

25  000 

0.00 

.000 

.00000 

.00000 

1  500 

1 

45  000 

2  700 

2 

67  000 

0.01 

.549 

.00001 

.00001 

300 

4  100 

3 

103  000 

0.C2 

.549 

.00004 

.00005 

1  200 

6  300 

1 

131  000 

0.03 

.549. 

.00007 

.00008 

2  100 

8  000 

5 

159  000 

0.05 

.459 

.00012 

.00010 

3  600 

9  700 

6 

189  000 

0.10 

.392 

.00020 

.00013 

6  000 

11  500 

7 

220  000 

0.11 

.379 

.00025 

.00018 

7  500 

13  400 

8 

253  000 

0.13 

.326 

.00035 

.00019 

10  500 

15  300 

9 

285  000 

0.17 

•289 

.00049 

.00020 

14  700 

17  400 

10 

317  000 

0.18 

.263 

.00059 

.00021 

17  700 

19  300 

11 

350  000 

0.24 

.265 

.00067 

.00024 

20  100 

21  400 

12 

382  000 

0.28 

.273 

.00077 

.00029 

23  100 

23  300 

13 

414  000 

0.31 

.280 

.00086 

.00033 

25  800 

25  300 

14 

447  000 

0.36 

.300 

.00093 

.00040 

27  900 

27  300 

15 

480  000 

0.40 

.330 

.00098 

.00048 

29  400 

29  300 

16 

514  000 

0.43 

.326 

.0010(5 

.00051 

31  800 

31  400 

17 

578  000 

0.52 

.324 

.00123 

.00059 

36  900 

35  300 

L8 

643  000 

0.01 

.334 

.00140 

.00070 

42  000 

39  300 

1!) 

704  000 

0.70 

.335 

.00159 

.00080 

47  700 

42  900 

20 

780  000 

0.88 

.306 

.00201 

.00096 

61  200 

47  600 

21 

811  000 

1.32 

.271 

.00360 

.00132 

108  000 

49  600 

22 

840  000 

1.60 

*Add  2800  it),  per  sq.  In,  for  stress  due  to  weight  of  slab. 
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from  the  photographs  (see  views  in  frontispiece)  that  some  of 
these  minute  cracks  reached  points  12  inches  from  the  top  of  the 
slab  before  the  reinforcement  was  stressed  to  its  yield  point. 
Even  when  they  had  thus  grown,  their  width  at  the  bottom  was 
minute. 
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UN/T     DEFORMATION 
Fig.  7.    Load-deformation  and  Deflection  Diagram  for  No.  72. 

Outside  the  load  points  (i.  e.,  in  the  outer  thirds  of  the  beam 
length)  diagonal  cracks  appeared,  frequently  forming  from  the 
top  of  the  vertical  crack  already  visible  and  extending  diagonally 
upward  and  downward  at  the  same  time.  In  No.  70  the  first 
diagonal  crack  was  visible  at  an  applied  load  of  468  000  lb. ,  and 
in  No.  72  the  cracks  took  a  distinctly  diagonal  direction  at  447  000 
lb.  The  diagonal  cracks  developed  with  the  addition  of  load,  but 
the  form  of  this  development  was  not  the  same  in  No.  70  as  in  No.  72. 
In  No.  70,  the  slab  without  stirrups  and  having  the  bars  bent  up 
abruptly  near  the  ends,  one  main  diagonal  crack  formed  outside 
each  load  point  making  an  angle  of  about  35°  with  the  horizontal. 
While  a  few  others  became  visible,  these  main  cracks  enlarged 
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Fig.  8.    Manner  of  Failure  of  No.  70. 


and  the  final  failure  of  the  slab  was  along  one  of  them.  In  No.  72 
(whitewashed  surfaces)  marked  diagonal  cracks  appeared  at 
447  000  lb.  and  became  numerous  and  extended  at  480  000  lb.  Some 
of  these  finally  extended  to  within  12  inches  of  the  top  face  of  the 
slab,  but  they  remained  small  and  fine  and  were  well  distributed 
over  the  beam.  They  lacked  the  growth  and  concentration  which 
are  apparent  in  failures  by  diagonal  tension  when  reinforcing 
bars  are  carried  straight  to  the  end  of  the  beam  or  nearly  to  the 
end  and  when  stirrups  are  not  used.  The  final  failure  of  these 
beams  is  discussed  in  the  next  paragraph. 

12.  Manner  of  Failure. — The  manner  of  failure  was  quite 
different  in  the  two  beams,  No.  70  and  No.  72.  In  the  case  of  No. 
70,  although  it  is  evident  from  calculations  that  the  steel  of  the 
reinforcing  bars  had  nearly  reached  the  yield  point,  there  was  no 
evidence  of  this  in  the  appearance  and  action  of  the  beam  at  the 
time  of  failure.  At  a  load  of  593  000  lb.  the  main  diagonal  crack 
outside  of  one  load  point  was  seen  to  be  extending  rapidly  and  at 
734  000  1b.  it  was  opening  wide.  It  was  evident  for  some  time 
that  the  beam  was  on  the  verge  of  total  failure.  Finally  it  failed 
suddenly  by  diagonal  tension,  so  called  shear  failure,  at  an  applied 
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load  of  801  000  lb. ,  the  diagonal  crack  having  suddenly  extended 
to  the  top  of  the  slab  and  opened  wide.  At  the  same  time  the 
horizontal  crack  which  had  formed  along  the  reinforcing  bar  (by 
the  action  of  vertical  tension)  lengthened  and  the  bar  pulled  away 
from  the  concrete  above.  The  characteristics  of  this  test  were 
the  formation  of  main  diagonal  cracks  at  either  end  and  the  final 
sudden  failure  of  the  beam  by  diagonal  tension.  Fig.  8  shows 
the  form  of  failure  of  No.  70,  and  Fig.  9  gives  a  nearer  view  of 
the  main  diagonal  crack  from  the  other  side  of  the  beam  after 
the  load  was  released. 

In  No.  72  the  presence  of  the  stirrups  and  the  changed 
position  of  the  reinforcing  bars  at  the  ends  were  sufficient  to 
resist  the  diagonal  tension  developed.  Although  the  diagonal 
cracks  were  numerous  and  although  some  of  them  finally 
extended  to  within  12  inches  of  the  top  face  of  the  slab,  (see 
views  in  frontispiece)  they  remained  small  and  fine  and  were 
well  distributed.  They  lacked  the  growth  and  concentration 
which  are  apparent  in  failures  by  diagonal  tension.     The  tension 


Fig.    9.    Main  Diagonal  Crack  at  North  End  of  No.  70  after 

Release  of  the  Load. 
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TABLE  4. 

Miscellaneous  Calculated  Stresses. 


Ref. 

No. 


Applied 

Loads 

pounds 


Calculated 

Tension  in 

Steel 

lb.  per 

sq.  in. 


Calculated 

Shearing 

Stress 

lb.  per 

sq.  in. 


Remarks, 


No.  70. 


9 
13 
17 

21 

23 


333  000 
468  000 
593  000 

734  000 

801  000 


First  tension  crack  noted. 

First  diagonal  crack  noted. 

One  main  diagonal  crack  extend- 
ing rapidly. 

One  main  diagonal  crack  opening 
wide. 

Failure  by  diagonal  tension. 


No.  72. 


5 

159  000 

12  500 

First  tension  crack  noted. 

14 

447  000 

120 

Marked  diagonal  cracks  noted. 
Marked  increase  in  vertical  ex- 
tensometer  readings. 

15 

480  000 

128 

Diagonal  cracks   numerous    and 
extending. 

16 

514  000 

138 

Marked  increase  in  second  exten- 
someter  readings. 

21 

811  000 

52  400 

Tension  cracks  opening  wide. 

22 

840  000 

54  000 

220 

Failure  by  tension  in  steel. 

The  calculated  stress  in  steel  and  the  calculated  vertical  shearing  stress  include  the 
stress  due  to  weight  of  slab. 

cracks  in  the  middle  third  of  the  beam  extended  upward  as 
the  load  was  increased  and  at  811 000  lb.  nine  of  these  were 
visible  to  within  12  inches  of  the  top  of  the  slab.  At  this 
load  the  tension  cracks  were  opening  wide,  indicating  that  the 
yield  point  of  the  reinforcing  steel  had  been  passed.  Above 
800  000  lb.  the  deflection  increased  rapidly.  The  maximum  load 
applied  was  840  000  lb. ,  the  indicated  load  then  falling  off  when  the 
deflection  was  increased.  It  seems  evident  that  a  load  of  811  000 
lb.  would  not  have  held  long,  and  the  maximum  load  applied  held 
but  momentarily.  The  characteristic  of  the  test  of  No.  72  was 
slow  failure  by  tension  of  the  steel,  without  sign  of  compression 
failure  and  without  sign  of  impending  failure  by  diagonal  tension. 
The  effectiveness  of  the  stirrups  and  the  bending  of  the  bars  at 
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ends  are  evident  in  this  test.  This  is  the  more  important  as  the 
diagonal  tension  failure  may  give  little  warning  and  may  develop 
with  repetitions  at  lower  loads.  It  may  be  noted  that  on  the  next 
day  the  test  was  continued  until  there  was  a  deflection  in  No.  72 
of  3i  in.,  the  load  applied  ranging  somewhat  under  800  000  lb. 
Upon  release  of  load  there  was  a  recovery  of  1  in.  in  the  deflection. 
At  this  time  the  stretch  of  the  steel  and  the  consequent  concen- 
tration of  the  compressive  stress  were  so  much  that  there  was 
considerable  crushing  of  the  concrete.  Slab  No.  71,  which  was 
used  as  the  lower  beam  in  both  tests,  seems  not  to  have  suffered 
from  the  first  test,  the  cracks  closing  up  upon  release  of  load. 
In  the  second  test  the  tension  cracks  opened  up  at  the  maximum 
load  and  there  was  evidence  of  the  steel  being  stretched  beyond 
the  yield  point.  It  should  be  noted  that  on  account  of  its  inverted 
position  and  the  location  of  the  supports  the  bending  moment 
developed  in  the  lower  beam  was  somewhat  smaller  than  that  in  the 
upper  beam.  There  was  no  sign  of  impending  failure  by  diagonal 
tension. 

13.  Position  of  Neutral  Axis. — The  proportionate  depth  of  the 
neutral  axis  calculated  from  the  observed  deformations  on  the 
usual  assumptions  is  given  in  Table  3.  The  position  of  the 
neutral  axis  obtained  from  these  measurements  seems  abnor- 
mally high,  averaging  during  the  later  stages  of  the  test  about 
0.34  of  the  distance  from  the  top  of  the  slab  to  the  center  of  the 
reinforcing  bars.  The  proportionate  depth  of  the  neutral  axis 
for  the  amount  of  reinforcement  used,  based  upon  ordinary 
assumptions,  would  be  0.43  for  a  ratio  of  12  between  the  moduli  of 
elasticity  of  steel  and  of  concrete,  and  0.47  for  a  ratio  of  15  (see 
Bulletin  No.  4,  p.  16).  Even  for  a  ratio  of  10  the  proportionate 
depth  would  be  about  0.40.  An  examination  of  the  original  data 
between  the  loads  of  220  000  lb.  and  320  000  lb.  makes  it  appar- 
ent that  there  was  a  slip  of  the  instruments  on  the  compression 
side  of  the  beam  at  different  times  between  these  loads.  The 
conditions  under  which  the  extensometers  were  used  were  not 
favorable  for  accurate  results.  Judging  from  the  data  and  from 
experience  in  other  tests,  it  is  probable  that  between  loads  of 
400  000  and  750  000  lb.  the  position  of  the  neutral  axis  averaged 
about  0.40  of  the  depth.  Even  this  value  is  suggestive  of  dense, 
stiff  concrete.  It  should  be  noted  that  with  such  a  slip  of  the 
upper  extensometers  the  real  compressive  deformation  would  be 
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greater   than   that   given   in  the  diagram  and  also  that  the  real 
tensile  deformation  would  be  somewhat  less. 

14.  Tensile  Stresses  in  Reinforcement. — The  tension  in  the 
main  reinforcing  bars  at  the  middle  of  the  span  length  in  No.  70, 
calculated  by  the  usual  methods  (using  the  formula  0. 87  Afd 
before  referred  to)  and  including  the  effect  of  the  weight  of  the 
beam,  was  51  700  lb.  per  sq.  in.  at  the  maximum  applied  load  of 
801  000  lb.  As  the  tension  cracks  in  the  concrete  closed  up  after 
the  failure  of  the  beam  and  the  release  of  the  load,  it  would  seem 
that  the  steel  had  not  been  stressed  beyond  its  yield  point.  In 
No.  72  the  calculated  tension  in  the  reinforcing  bars,  including 
the  effect  of  the  weight  of  the  slab,  was  54  000  lb.  per  sq.  in.  for 
the  maximum  applied  load  of  840  000  lb.  For  the  applied  load  of 
811  000  lb.,  where  the  yield  point  had  evidently  been  passed,  the 
calculated  tension  is  52  800  lb.  per  sq.  in.  It  seems  probable  that 
the  yield  point  was  reached  at  the  applied  load  of  780  000  lb. 
These  values  check  up  with  the  yield  point  of  the  material  with- 
in the  limits  of  variation  of  such  materials. 


fc 

0 

<0 

<Q 

o 

O 

o 

O 

o 
o 


<0 


EX  TENS  OME  TER     READINGS  -  INCHES 


Fig.  10.    Vertical  Deformation  Diagram  for  No.  72. 


15.  Vertical  Shearing  Stresses  and  Resistance  to  Diagonal 
Tension. — As  the  diagonal  tensile  stress  which  is  developed  in  the 
concrete  depends  upon  the  horizontal  tensile  stress  existing  in 
the   concrete   and   the  effect  of  stirrups,  its  amount  is  indefinite 
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and  the  value  of  the  vertical  shearing  stress  may  be  used  as  a 
means  of  comparison  for  the  resistance  to  diagonal  tension.  The 
vertical   shearing    stress    has    been   calculated    by    the   formula 


v 


bet 


where  V  is  the  total  vertical  shear  at  the  point  where  the 
crack  begins,  including  the  shear  due  to  weight  of  the  slab,  b  is 
the  width  of  the  slab,  and  d'  is  the  distance  from  the  center  of  the 
reinforcing  bars  to  the  center  of  gravity  of  the  compressive  area 
of  the  concrete,  called  here  0.87  of  the  depth  to  center  of  rein- 
forcing bars.  Calculated  values  for  the  various  loads  are  given 
in  Table  4. 

In  No.  70  the  value  of  the  vertical  shearing  stress  at  the 
breaking  load  is  209  lb.  per  sq.  in.  This  is  a  high  value  for  a 
beam  without  stirrups  and  having  bars  bent  up  abruptly  at  the 
end  and  shows  a  good  quality  of  concrete.  The  value  of  v  for 
the  applied  load  of  468  000  lb. ,  where  the  first  diagonal  crack  was 
noted,  is  125  lb.  per  sq.  in.;  and  for  the  applied  load  of  593  OiO 
lb.,  where  the  main  diagonal  crack  was  seen  to  lengthen  rapidly 
and  become  more  marked,  it  is  156  lb.  per  sq.  in. 
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Fig.  11.    Vertical  Deformation  Diagram  for  No.  71. 
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In  No.  72  the  value  of  the  vertical  shearing  stress  v  at  the 
maximum  load  applied  is  220  lb.  per  sq.  in.  As  there  was  no 
sign  of  impending  failure  and  as  the  diagonal  crack  closed  up 
after  the  failure  of  the  beam  it  is  seen  that  the  provision  against 
failure  by  diagonal  tension  was  very  satisfactory.  The  readings 
of  the  vertical  extensometers  (given  in  Table  2  and  platted  in 
Pig.  10)  are  of  interest.  The  position  of  these  extensometers  is 
shown  in  Fig.  5.  The  gauged  length  is  about  28  in.  By  refer- 
ence to  Fig.  10,  it  will  be  seen  that  for  the  lower  loads  the  instru- 
ments show  a  vertical  shortening  and  that  the  deformation  soon 
changes  to  elongation,  this  change  taking  place  at  loads  corre- 
sponding to  loads  which  gave  diagonal  cracks  in  the  test  of  No. 
70.  The  amount  of  this  elongation  rapidly  increases  with  the 
application  of  further  load.  The  marked  increase  in  the  reading 
of  the  extensometer  on  the  south  half  of  the  beam  begins  at  the 
load  of  414  0001b.  and  is  accompanied  with  an  evident  development 
of  diagonal  cracks.  A  similar  development  was  noted  in  the  north 
half  of  the  beam  at  a  load  of  480  000  lb.  The  arrangement  of  the 
instruments  and  our  information  of  the  position  of  the  stirrups 
were  not  such  as  will  permit  the  readings  to  be  used  as  the  basis 
of  calculations,  but  they  serve  as  an  indication  of  what  is  going 
on  in  the  interior  of  the  beam.  It  is  of  interest  also  to  note  in 
the  diagram  of  extensometer  readings  taken  on  No.  71  in  its  sec- 
ond test  (shown  in  Fig.  11)  that  on  this  second  application  of  the 
load  the  line  of  vertical  deformation  beyond  a  load  of  250  000  lb. 
would,  if  extended,  pass  through  the  origin.  This  is  the  position 
it  would  have  if  the  stirrups  take  vertical  tension  proportional  to 
the  load  from  the  beginning. 

16.  Compressive  Stress  in  the  Concrete. — The  compression  in 
the  upper  fiber,  calculated  by  the  ordinary  methods,  runs  up  to  a 
high  figure,  as  is  usual  in  tests  of  beams  having  a  considerable 
amount  of  reinforcement  and  adequate  provision  for  web  stresses.^ 
Assuming  the  neutral  axis  to  be  0.43  of  the  depth  to  the  rein- 
forcing bars  and  using  the  ordinary  straight- line  formula,  the 
compressive  stress  in  No.  72  at  the  maximum  load  was  3190  lb. 
per  sq.  in.  Using  the  parabolic  formula  and  considering  that  the 
compressive  deformation  is  one-half  of  the  ultimate  compressive 
deformation  of  the  concrete,  the  calculated  stress  is  2870  lb.  per 
sq.  in.  Even  at  this  high  calculated  stress  there  was  no  sign  of 
compression  failure  and  none  was  apparent  until  after  the  steel 
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had  stretched  beyond  its  yield  point.  Comparing  the  defor- 
mation developed  with  that  of  other  tests  it  seems  probable  that 
the  beam  would  have  taken  at  least  one-third  more  compressive 
stress  before  failure  in  compression  at  first  load  would  have 
resulted.  Of  course,  repeated  applications  of  any  such  high  load 
might  soon  have  injured  the  beam.  A  further  evidence  of  the 
strength  of  the  concrete  is  seen  in  the  later  test  referred  to, 
where  after  the  maximum  load  had  been  reached  and  the  steel 
was  stretched  well  beyond  its  yield  point  the  beam  held  a  load  of 
nearly  800  000  lb.  until  the  deflection  reached  3i  in  before  any 
considerable  amount  of  crushing  of  the  concrete  took  place. 

17.  Remarks. — The  tests  showed  that  the  concrete  was  of 
excellent  quality  and  that  the  slabs  acted  similarly  to  high-grade 
test  beams  made  and  tested  in  laboratories.  The  uniformity  and 
regularity  of  these  large  beams  were  shown  in  various  ways  in 
the  tests.  As  these  particular  slabs  may  be  presumed  to  be  fairly 
representative  of  the  slabs  fabricated  for  the  work,  the  tests  ought 
to  add  confidence  in  the  quality  and  soundness  of  the  reinforced 
concrete  used  in  this  work  and  in  other  work  of  large  magnitude 
made  under  as  careful  conditions.  The  action  of  the  concrete  in 
compression  under  the  high  stresses  developed  was  quite  satis- 
factory. The  tests  show  the  effectiveness  of  stirrups  and  of  the 
methods  used  in  bending  up  bars  at  the  ends  in  resisting  diagonal 
tension.  Diagonal  tension  weakness  is  particularly  undesirable 
because  of  the  possibility  of  sudden  failure  and  of  injury  after 
repeated  applications  of  the  load  and  because  of  the  difficulty  of 
detecting  incipient  failure  when  the  sides  of  the  beam  are  not 
available  for  inspection.  Ample  safety  against  these  conditions 
is  important  and  means  should  be  provided  to  resist  the  diagonal 
tension.  Failures  by  tension  of  the  steel  and  by  compression  of 
the  concrete  give  warning  through  abnormal  deflections  and  in 
other  ways  and  are  less  likely  to  lead  to  serious  results.  Also, 
it  seems  evident  from  these  tests  that  the  action  and  properties 
of  reinforced  concrete  beams  made  under  efficient  supervision  do 
not  differ  much  from  those  of  laboratory  test  beams. 
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